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• Leptonic and Hadronic Particle Acceleration in Jets
• Particle Energetics in the Blazar Zone
• Connections with Data

• AGN Theory
• Disk-Jet Connection
• Line-Locking Modeling 

• Optical Observations
• Continuum Reverberation Mapping for AGN
• Exoplanet Transits
• Exoplanet Microlensing

• Stellar Analysis
• Time Series Analysis of Cataclysmic Variables 

• Snowmass Community Planning
• Outreach & Science Communication
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The Big Picture Outline

Image Credit: NASA/
DOE/Fermi LAT 
Collaboration

• AGN & Jetted Galaxy Structures 

• Discussion of the Physics of Blazar Jets 

• Time Series Data 

• Light curves 

• Time Series Spectra 

• Polarization 

• Power Density Spectra 

• Time Lags (with an analytic model) 

• (Thursday) Physics Review & Spectra
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My First M51

The Whirlpool Galaxy – GMU Observatory
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Active Galaxies

Niel Brandt 
http://personal.psu.edu/wnb3/
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An active galaxy has a nucleus at least 100 times 
brighter than all the light from its stars combined.

A fraction of active 
galaxies have 
bipolar jets.

A blazar is a jetted, 
active galaxy, which 

is also pointed at 
Earth.

Simulation by NASA Goddard Space Flight Center Conceptual Image Lab7



BL Lac’s & Flat Spectrum 
Radio Quasars (FSRQ)

Credit:  
Falomo et al.(2014) &            

. Fossati et al.(1998)

3C 31

3C 175

Synchrotron
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Blazars as an orientation of jetted AGN

Credit: Beckmann & Schrader (2012) 9



Spectra & Jet Structure in Blazars

Credit: Alan Marscher,  
Svetlana Jorstad, et al. (top) 

Abdo et al. 2011 (left)Markarian 421
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Blazars are the most energetic sustained sources 
in the known Universe.

WallPaper-House (https://wallpaper-house.com/wallpaper-id-425029.php) 



Background: 
Physics in Blazar Jets



Particle Transport Method in Context: 
every model has both strengths and limitations

Credit: Anatoly Spitkovsky

• MHD/PIC Simulations: 
• Computationally expensive 
• Good at modeling plasma/particle microphysics 
• Difficulty producing radiation/comparing to 

data 
• Radiative (Photon) Transport Equations: 

• Possible to compare with data 
• Cannot model acceleration 
• Not able to track particle energetics 

• Particle Transport Equations: 
• Computationally efficient 
• Intuitive results 
• Historically reproduce data well
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Models for Blazar Jets

Image Credit: IPAC CalTech

• Homogeneous, one-zone leptonic and 
leptohadronic models 

• “Low” injection energy 
• Self-consistent: if a process appears in the SED, it 

also appears in the particle transport equation
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Jet Processes

Credit: Brooks/Cole Thomson Learning
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Particle Acceleration Mechanisms:
1st Order Fermi Interactions

Shock Acceleration (+)  
& Adiabatic Expansion (-)

Electron

Blob Jet

Shock

Particles gain energy from shock crossings in proportion to the energy they already 
have, and can pass through a shock region multiple times
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Particle Acceleration Mechanisms:
2nd Order Fermi Interactions

Hard-Sphere Scattering off of   
Stochastic MHD Waves

Electron

Blob

Scattering Centers

Jet

Particles always gain energy from stochastic scatterings in the head-on 
approximation due to the bulk motions in the jet.
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Particle Acceleration Mechanisms:
Reconnection

Particles gain energy from an 
encounter with a rapidly changing 
or discontinuous magnetic field that 
produces or strengthens an electric 
field.

Current Sheet

Plasma & Field Lines flow inward

Plasma & Field Lines flow 
outward along the current sheet

18



Test Particles with Reconnection

Figure: Gordovskyy et al. (2014)

Each line represents a particle in 
the simulation. Three particles, 
denoted by red, green, and blue 
became nonthermal due to 
reconnection acceleration during 
the simulation. 
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Particle Energy Loss Mechanisms: 
Synchrotron

Illustration: CXC/S. Lee

photon

particle 

• Both electrons and protons populations can cool through 
synchrotron radiation. 

• The rate of synchrotron cooling  
depends on the strength of the  
magnetic field.

Abdo et al. 2011 (Mrk 421)
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Particle Energy Loss Mechanisms: 
Inverse-Compton

Illustrations: CXC/S. Lee

higher-energy 
photon

• Compton cooling describes the high-
frequency SED bump in the leptonic 
picture. 

• The Compton cooling rate depends on the 
energy density of the ‘low-energy’ photon 
field

Abdo et al. 2011 (Mrk 421)
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Particle Energy Loss Mechanisms: 
Photo-pion Production - Delta Resonance

Illustration adapted from: Jonas Heinze

p

γ π+
π+

νμ

νμ

νe

e−
e−

νe

p
n

• Photo-pion production contributes to 
cooling for the proton population 

• It also has the potential to produce 
observable neutrinos.

Abdo et al. 2011 (Mrk 421)
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Time Series Data



Simultaneous Light Curves

Credit: Hayashida et al. (2012)

The Astrophysical Journal, 754:114 (22pp), 2012 August 1 Hayashida et al.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 12. Multi-band light curves of 3C 279 for two years from 2008 August to 2010 August. (a) Gamma-ray flux above 200 MeV averaged over three days. (b) X-ray
flux between 2 and 10 keV measured by Swift-XRT and RXTE-PCA. (c) UV–optical fluxes in R band (red), V band (blue), and W2 band (magenta). (d) Polarization
degree in the optical band. (e) Polarization angle in the optical band. The horizontal dashed lines refer to the angle of 50! and "130!. (e) Radio fluxes in 230 GHz
band (magenta), 37 GHz band (orange), 15 GHz band (blue), and 5 GHz band (green). All X-ray, UV, and optical data are corrected for the Galactic absorption.
(A color version of this figure is available in the online journal.)

and atmospheric and ground contamination were used. Flux
densities from this program are found to have a minimum
uncertainty of 4 mJy (mostly thermal) and a typical uncertainty
of 3% for brighter sources. During the period included here,
3C 279 was observed as a pointing calibrator. The flux density
scale was referred to the value for 3C 286 (3.44 Jy at 15 GHz;
Baars et al. 1977) with a scale uncertainty of about 5%. The
radio flux at 15 GHz measured by OVRO was ranging from
11.1 to 18.0 Jy among 124 data points during the two year
observations. The light curve of the OVRO radio data is also
plotted in Figure 8.

4. RESULTS OF THE MULTI-WAVELENGTH
OBSERVATIONS

4.1. Correlations of Light Curves in Various Bands

The multi-band light curves of 3C 279 are presented in
Figure 12. They include (a) ! -ray flux above 200 MeV
(Fermi-LAT), (b) 2–10 keV X-ray flux measured by Swift-XRT

and RXTE-PCA, (c) optical-UV fluxes in R band (GASP), V
band (Swift-UVOT and Kanata), and W2 band (Swift-UVOT),
(d,e) degree and angle of optical polarization (Kanata and KVA),
and (f) radio fluxes in the 230, 37, 15, and 5 GHz bands (GASP,
CARMA, and OVRO). We note that the X-ray fluxes determined
by Suzaku and XMM-Newton are entirely consistent with those
plotted in Figure 12. The extensive data set obtained in many
bands for 3C 279 allows us to make general statements regard-
ing the relative flux variability in various spectral bands, and
the relationship of the time series to each other. The first such
feature of the multi-band light curves is a general—although
not exact—trend where the IR through optical emission seems
to be correlated with the ! -ray flux. We calculated the discrete
correlation function (DCF; Edelson & Krolik 1988) to quantify
the correlation of the flux variations between the ! -ray and other
bands, and to determine whether we can measure any clear lag
between the bands.

For the DCF calculations, we use the ! -ray fluxes averaged
over an interval of 1 day as shown in the top panel of Figure 1.
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Multi-wavelength Spectra

Credit: Hayashida et al. (2012)

The Astrophysical Journal, 754:114 (22pp), 2012 August 1 Hayashida et al.

Figure 15. Time-resolved broadband spectral energy distributions of 3C 279 measured in Periods A–H (as defined in Table 1) and on 2008 July 31 (MJD 54678),
covered by our observational campaigns in 2008–2010. X-ray, UV–optical–near-IR data are corrected for the Galactic absorption. Five-digit numbers in the panel
indicate MJD of the periods. For comparison, the gray open circles in the very high energy ! -ray band represent measured spectral points by MAGIC in 2006 February
(Albert et al. 2008).

Furthermore, we note that there are some optical and ! -ray
peaks that might well be associated with the second X-ray flare.
Hence, it is possible that the two prominent ! -ray/optical flares
(Periods B and D), together with the subsequent two X-ray flares
(Periods F and G), form a sequence of four events separated by
a similar time intervals. Those intervals, in turn, can be possibly
determined by instabilities in the jet launching region. Here, the
different broadband spectra during these events may result from
small changes of parameters, such as the jet direction, Lorentz
factor, and/or location and geometry of the dissipation event.

A weak (and sporadically almost absent) correlation be-
tween X-rays and other spectral bands can also result from
such processes that preferably contribute to radiation in the
X-ray band. They can be related to the following three
mechanisms/scenarios.

1. Bulk-Compton process. This involves Compton-scattering
of ambient optical/UV light by the cold (non-relativistic)
electrons in the jet. This mechanism is most efficient close
to the accreting black hole where the processes responsible
for the variability of X-rays may operate independently of
those at larger distances and producing there variable non-
thermal radiation (Begelman & Sikora 1987). A drawback
of this scenario can be that the bulk-Compton spectrum is
predicted to have a similar shape as the spectrum of the
external radiation field (Ackermann et al. 2012), which sig-
nificantly differs from what we observe in the X-ray band.

2. Inefficient electron acceleration. Acceleration of the rel-
ativistic electrons at proton-mediated shocks is likely to
proceed in two steps: in the first one low-energy electrons
may be pre-accelerated via, for example, some collective
processes involving protons; in the second step, they may
participate in the first-order Fermi acceleration process. If
under some conditions the electron–proton coupling is inef-
ficient, the fraction of electrons reaching the Fermi phase of
acceleration will be small. In this case the X-rays, originat-
ing from lower energy electrons, are produced efficiently,
while the ! -rays and optical radiation that involve more
relativistic electrons are not.

3. The X-rays can be also contributed by hadronic processes,
specifically by the pair cascades powered by protons losing
their energy in the photo-mesonic process (Mannheim &
Biermann 1992). For this process to be efficient, it requires
extreme conditions (Sikora et al. 2009; Sikora 2011);
however, operating in the very compact central region, at
distances less than few hundred gravitational radii, it may
occasionally dominate in the X-ray band.

4.2. Broadband Spectral Energy Distribution

Figures 15 and 16 show broadband SEDs of 3C 279 in all
periods as defined in Table 1. In addition, we also extracted an
SED using data taken on 2008 July 31 (MJD 54678), which has
a good energy coverage of the synchrotron emission component

16
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Time Series Spectra

Credit: Hayashida et al. (2012)

The Astrophysical Journal, 754:114 (22pp), 2012 August 1 Hayashida et al.

Figure 16. Time-resolved broadband spectral energy distributions of 3C 279 in each period (A–H), covered by the campaigns. The data points are the same as ones in
Figure 15, but are plotted in a separate panel for each period. Five-digit numbers in each panel indicate MJD of the observing period of each broadband spectrum.
(A color version of this figure is available in the online journal.)

including Spitzer and GROND data, although the ! -ray data
by Fermi-LAT are not available at that time because this was
before the beginning of normal, all-sky science observations
with Fermi-LAT. Both SEDs for Period D (2009 February;
corresponding to the brightest ! -ray flare coincident with
the optical polarization swing) and Period F (2009 April;
corresponding to the first isolated X-ray flare) have already
been partially reported in Figure 2 of Paper I. New Spitzer-
MIPS data points are included in the SED for Period D in this
paper. In Period C, there are observations by MAGIC, which
provide upper limits above 100 GeV (Aleksić et al. 2011). For
comparison, we also include VHE ! -ray fluxes detected with
the MAGIC telescope in 2006 February as gray points (Albert
et al. 2008) in Figure 15.

This is the richest set of time-resolved spectra ever collected
for this source. The spectral coverage of the synchrotron bump is
unprecedented, allowing us not only to constrain the parameters
of the emission models, but also to study their time evolution.
As we discussed in Section 2.4, the shape of the ! -ray spectrum
deviates from a simple power law, in similarity to other FSRQ
blazars. Strong variability, over one order of magnitude, is

evident in near-IR/optical/UV and ! -ray bands. This contrasts
with the moderate variability in the radio/mm and X-ray bands.

Particularly interesting is the behavior of this source in the
mid-IR band, around !1013 Hz, where significant spectral
variability is observed. In the low state in Period A, the
mid-IR spectrum is relatively soft and can be extended with
a power-law shape to the optical/UV band. In this case,
the synchrotron component peaks in the mm/sub-mm band
(!1011–1012 Hz). However, in the high state in Periods D
and E, the mid-IR spectrum is much harder and shows a
significant curvature. In Period D, there is a clear spectral
break at !3 " 1012 Hz (!100 µm). The spectral index between
the 70 µm (!4.3 " 1012 Hz) and 160 µm (!1.9 " 1012 Hz)
points is "70#160 = 0.35 ± 0.23, taking into account systematic
errors described in Section 3.9. The synchrotron peak is located
in the mid-IR band, at a frequency one order of magnitude
higher than in the low state. This indicates that there are two
independent synchrotron bumps, possibly produced at different
locations. The mid-IR-peaking component, seen only in the
IR/optical/UV flaring state, is characterized by a strong and
rapid variability. The mm/sub-mm peaking component is more

17

• 3C 279 is a bright FSRQ 
• Both sides of the electron 

synchrotron component have 
limits and at times strong 
indications of the full shape. 

• The high energy bump(s) are not 
as well defined due to the 
instrument gap in the MeV. 

• The X-rays tend to indicate a 
slope incompatible with the GeV 
flux if only one log-parabola (or 
similar) is used. This is common 
for FSRQ, but there are no data 
to show the low-energy side of 
the high-energy curve or vice 
versa - a considerable lack of 
constraint for spectral models.
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High-Energy Polarization

to distinguish between the different high-energy radiation mechanisms and probe the acceleration
of cosmic rays and neutrino production.

High-energy polarimetry can disentangle the ambiguity in the radiation mechanism and under-

lying magnetic field strength. This is because in the blazar emission environment, the PS scenario
intrinsically predicts considerably higher PF than the IC scenario [14, 51, 70]. Figure 1 shows
the PF in the high-energy component based on TXS 0506+056 model parameters [74]. Assuming
that the high-energy spectral component is produced co-spatially with the optical counterpart at
10% PF, the PS scenario predicts a high PF at & 10% in X-ray and MeV �-ray bands, because of
the synchrotron emission by either primary protons or secondary cascading pairs. A pure leptonic
IC model predicts only ⇠ 5% PF in both energy bands, because the IC process generally makes
negligible PF (EC) up to half of the synchrotron PF (SSC). In the case of an IC scenario with a sub-
dominant hadronic contribution, the X-ray bands present a & 10% PF similar to the PS scenario,
due to the strong secondary pair synchrotron, but the MeV bands still show a much lower PF at
⇠ 5%. Therefore, while the X-ray PF can probe the secondary pair synchrotron contribution com-
plementary to the neutrino detection, MeV �-ray polarization is key to unambiguously distinguish

the IC and PS scenarios.

2.2 Particle Acceleration

Figure 2: MeV �-ray polarization variability of a PS domi-
nated blazar, based on the shock and magnetic reconnection
models. The shock model predicts a stronger polarization
variability than the reconnection model [73].

The fast (on minutes timescales) �-ray vari-
ability in blazars implies violent particle accel-
eration within very localized region(s) in jets
[6]. Understanding the physical conditions and
acceleration mechanisms therein is crucial to
probe the cosmic ray acceleration and neutrino
production in AGN jets. Theoretical studies
have found that both shock and magnetic re-
connection can efficiently dissipate plasma jet
energy to accelerate non-thermal electrons and
protons [30, 64]. Most importantly, the two

mechanisms require very different magnetic en-

ergy composition in jets, and involve contrast-

ing magnetic field evolution. Shocks are effi-
cient if the jet kinetic energy dominates over
the magnetic energy [4, 36]. They can convert
bulk kinetic energy to accelerate non-thermal
electrons and protons via the diffusive shock
acceleration mechanism, and strongly alter the
magnetic field structure [37, 42, 64]. On the
other hand, magnetic reconnection usually re-
quires the magnetic energy dominating over the
kinetic energy. It generates magnetic plasmoids at the reconnection site, which are small chunks of
plasma with high magnetic energy density [27, 29, 63]. This leads to efficient acceleration of non-
thermal electrons and protons, and enhances the turbulence at the reconnection site. Nonetheless,
although the two mechanisms involve very distinct physical conditions and evolution, both can
reasonably explain the observed blazar SEDs and light curves [9, 21, 23, 28, 41, 42, 59, 65, 67].
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Zhang et al. (2019) polarization fraction 
spectrum for blazar emission mechanisms

Zhang et al. (2016) polarization fraction 
spectrum for blazar emission mechanisms

• Optical polarization helped to confirm electron synchrotron as the 
source of optical emission in blazars.  

• X-ray and MeV polarization measurements will similarly provide a 
more definitive identification for the source of blazar emission for 
their respective energies.
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Power Spectral Density

Credit: Hayashida et al. (2012)

The Astrophysical Journal, 754:114 (22pp), 2012 August 1 Hayashida et al.
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Figure 2. Power density spectrum of 3C 279 for the three day binned ! -ray
light curve. The white noise level has been subtracted. The solid line histogram
describes the PDS averaged in logarithmic frequency bins while the dotted curve
describes the raw PDS before binning. The dashed line represents a linear fit to
the binned PDS.

than the flux of the brightest flare (!1"10#5 photons cm#2 s#1)
detected during the EGRET observations of the source (Wehrle
et al. 1998; Hartman et al. 2001b).

We quantified the flux variability using one week interval
data for energies above 200 MeV (full band), between 200 MeV
and 1 GeV (soft band), and above 1 GeV (hard band). This
is based on the “excess variance” method (Nandra et al. 1997;
Edelson et al. 2002) after subtracting the contribution expected
from measurement errors ("err,i). Using the mean square error
$"err,i%, the excess variance Fvar can be described as (Vaughan
et al. 2003)

Fvar =

!
S2 # $"err,i%2

$F %2
, (1)

where S is the variance of the flux, and $F % is the mean value
of the flux. The definition of associated error can be found in
Vaughan et al. (2003). In the calculation, we excluded bins of
8, 82, 87, and 90 because the fit in the hard band failed due
to poor statistics of the data samples. Resulting Fvar values
are 0.695 ± 0.015, 0.648 ± 0.017, and 0.839 ± 0.030 for the
full, soft, and hard bands, respectively. The resulting values
indicate that the flux of the hard band showed significantly
stronger variability than that of the soft band. For comparison,
Fvar = 0.79 ± 0.02 for E > 300 MeV has been reported during
the first 11 months of the Fermi scientific mission (Abdo et al.
2010f), when the source has clearly been more active.

A power density spectrum (PDS) for the three day binned
light curve was calculated using a Fourier transform and is
shown in Figure 2. The power density was normalized to
fractional variance per frequency unit (rms2 I#2 day#1) and
the PDS points were averaged in logarithmic frequency bins.
The white noise level was estimated from the rms of the flux
errors and was subtracted from the PDS. A slope of 1.6 ± 0.2
was obtained from a linear fit to the binned PDS for frequencies
up to 0.1 day#1. The main uncertainty in the estimated PDS
slope is due to the stochastic nature of the variability which
leads to variations in the determined slope between different
time-limited observations. An additional effect which can cause
a systematic bias in the observed PDS slope is the red noise

leakage (e.g., Chatterjee et al. 2008). In the present analysis this
effect is not taken into account.

Figure 3 shows plots of flux versus photon index (!) based
on the weekly light curve results above 200 MeV (full band),
between 200 MeV and 1 GeV (soft band), and above 1 GeV
(hard band). The data that have TS > 10 were selected for the
plots and are shown in gray points. An average photon index was
calculated by fitting a constant value in each plot, corresponding
to !>200 MeV = 2.334 ± 0.015, !200 MeV#1 GeV = 2.20 ± 0.03,
and !>1 GeV = 2.48 ± 0.04 for the full, soft, and hard bands,
respectively. The average photon index in the soft band shows
a significantly harder spectrum than that in the hard band.

We also derived photon indices resulting from an analysis
where the data were sorted in five bins using week-long fluxes
for each energy band, and plotted the results as red points. Those
photon indices of each flux bin are also shown in the insets in
Figure 3. For the full band, although the change of the photon
index is rather small ("! ! 0.2) compared to the flux varia-
tion (spanning about an order of magnitude), a weak “harder
when brighter” effect can be seen. Such an effect was also
measured in other LAT blazars (Abdo et al. 2010e). The soft
band also shows the weak “harder when brighter” effect with
a slightly larger change of the photon index ("! ! 0.4). On
the other hand, the photon index of the hard band changes only
sightly ("! ! 0.1) and is statistically consistent with a constant
value.

2.3. Highest Energy Photons

During the two year observations, the highest energy photon
associated with 3C 279 was detected at MJD 54891.60745 with
an estimated energy of 30.8 GeV. The event was converted in
the front-thin layers (so-called front event) of the LAT detector
and still remains even when we apply the cleanest event se-
lection (so-called data clean event), which was developed for
studying extragalactic ! -ray background (Abdo et al. 2010g).
The reconstructed arrival direction of the event is 5.&7 (= 0.'095)
away from 3C 279, and is within the 68% containment radius
of the LAT point-spread function (PSF; 0.'114 in the IRF of
“P6_V11_DIFFUSE”) for front events at 30.8 GeV. Based on
our model fit of the epoch which contains that highest energy
photon, we find the probability that the photon was associated
with 3C 279 (as opposed to all other sources in the model in-
cluding the diffuse emission and nearby point sources) is 88.6%.

In total, we found 10 events with estimated energies higher
than 20 GeV within an 0.'25 radius centered at 3C 279. All
events lie within a 95% containment radius of the LAT PSF
from 3C 279 and remain even after the “data clean selection”
applied. The number of expected background events above
20 GeV within the 0.'25 radius at the location of 3C 279 for
the two year observations is only 0.16 events. The bottom panel
of Figure 1 plots the arrival time distribution of those 10 events.
All events except for two were detected between MJD 54780 and
54900 during the high-activity states. No photon above 20 GeV
associated with 3C 279 has been detected after MJD 54914
during the two year observations.

2.4. Gamma-Ray Spectra

We extracted the ! -ray spectra using data for the entire
two-year period and following eight sub-periods (see also
Table 1): (A) the initial quiescent state in the ! -ray band
(MJD 54682–54728), (B) the first ! -ray flaring state (MJD
54789–54809), (C) an intermediate state (MJD 54827–54877),
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Credit: Finke & Becker (2014)

Power density spectrum of the 3C 279 
gamma-ray light curve (histogram is 3 day 
bins; dotted line is raw PDS; dashed is a 
linear fit to binned). Frequency is Fourier. 
White noise subtracted; red noise 
unaccounted for.

slope=1.6

The Astrophysical Journal, 791:21 (15pp), 2014 August 10 Finke & Becker

3.3. Colored Noise

Since the PSDs of blazars resemble colored noise, and
electrons are generally thought to be injected as power laws
in ! , one might expect that

Q̃(! , f ) = Q0(f/f0)!a/2! !qH (! ; !1, !2)H (f ; f1, f2),
(14)

where f0 is some constant frequency and a ! 0. That is, in the jet,
shocks will occur randomly which accelerate and inject particles
as a power-law distribution in ! between !1 and !2 with index
q. We will deal only with frequencies in the range f1 " f " f2.
These limits are needed for the PSD to be normalized to a
finite value. Frequencies greater than the inverse of the blob’s
light crossing timescale are particularly unphysical, although we
allow this for two reasons. First, it allows us to compare with
other theoretical studies that allow variations faster than the light
crossing timescale (e.g., Chiaberge & Ghisellini 1999; Zacharias
& Schlickeiser 2013). Second, our blob is already unphysical,
since we allow variations throughout the blob simultaneously
in the blob’s comoving frame. The normalization constant is
related to the time-averaged power injected in electrons "Linj#
over a time interval !t by

Q0 =
2"!t"Linj#

mec2G
!

I 2
r + I 2

i ! 2IrI0 + I 2
0

. (15)

A derivation of this equation and definitions of the quantities G,
Ir, Ii, and I0 can be found in Appendix B. With Q̃(! , f ), given
by Equation (14), Equation (11) can be rewritten as

! 2Ñe(! , f ) = Q0(f/f0)!a/2 exp
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where

umin = 1
#!2

#
1

tesc
! i$

$
(17)

and

umax = 1
# max(! , !1)

#
1

tesc
! i$

$
. (18)

3.4. Electron Injection Index q = 2

It is instructive to look at the case where q = 2. In this case,
the remaining integral in Equation (16) can easily be performed
analytically. Then

! 2Ñe(! , f ) = Q0(f/f0)!a/2

1/tesc ! i$
exp

"!1
#!

#
1

tesc
! i$

$%

$ [eumax ! eumin ], (19)

and the PSD is

S(! , f ) = |! 2Ñe(! , f )|2 = exp
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Figure 1. Electron PSD from Equation (20) resulting from an instantaneous
flash (a = 0) of electrons injected with a power-law energy index q = 2. Here
we set tesc = 105 s, # = 3.1 $ 10!8 s!1, "Linj# = 1042 erg s!1, !t = 1 yr,
!1 = 102, !2 = 105. Dashed lines indicate f = t!1

cool for each curve, and the
dotted line indicates f = (2" tesc)!1.
(A color version of this figure is available in the online journal.)
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We identify asymptotes for the PSD for q = 2, Equation (20).
For these asymptotes we assume ! % !2.

1. If 1/(#tesc) % ! and 2"f/# % ! , then

S(! , f ) & Q2
0(f/f0)!a

#2! 2
. (21)

2. If 1/(#tesc) % ! % 2"f/#, then

S(! , f ) &
Q2

0(f/f0)!a!2

f 2
0 "2

sin2
#

"f

#!

$
. (22)

3. If ! % 1/(#tesc), then

S(! , f ) &
Q2

0(f/f0)!a

1/t2
esc + (2"f )2

exp
"!2

tesc

#
1

#!
! tcool

$%

$
)

1 ! exp
"
! tcool

tesc

%
cos[2"f tcool]

*
, (23)

where we define t!1
cool = # max(! , !1).

The electron PSD resulting from Equation (20) is plotted in
Figure 1 for parameters described in the caption, which are
fairly standard ones for flat-spectrum radio quasars (FSRQs).
We use a = 0 here, which represents an instantaneous injection
of power-law particles at t = 0, to more easily display the
observable features, a number of which are present. For the
! = 78, 170, and 103 curves, where ! % (#tesc)!1), a break in
the power law from

S(! , f ) ' f !a

3

PSD simulated from an analytic model of 
electrons injected a power-law (shock 
acceleration) with an index of 2. The break 
frequency is related to the inverse of the 
particle escape timescale. For lower energies, 
periodic variability on timescales below the 
escape timescale are preferred. 

slope=2
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Quasi-periodic Analysis

Credit: Gong et al (2022)

• (a) light curve with sine fitting 
(controversial) 

• (b) power spectrum for monthly 
binned gamma-ray light curve 
with 3 and 4 sigma significance 

• (c) X-axis is time (same as the 
light curve. Y-axis is frequency 
(see right side of panel d). 
Contour is power spectrum. 

• The wavelet weighted z 
transform (WWZ) power 
represents the intensity and 
duration of quasi-periodic 
behavior. 

• (d) X-axis is the significance from 
panel (c) added and divided by 
the time. Y-axis is the period.

PKS 0405-385  
Over 13 years of FermiLAT data, they detected a 2.8yr 
quasi-periodic signal with a significance of 4.3sigma. 29



Periodic & Quasi-periodic Blazar 
Light Curve Interpretations

• Supermassive black hole binaries may initiate or drive AGN.  

• A hot spot on the accretion disk may create a periodic input 
to the BH. 

• A helical structure that propagates from the base of the jet 
outward can create a periodic signature and would also 
cause 180deg flips in the polarization angle. (This has been 
observed, but not periodically, e.g. Meyer et al. 2017?) 

• The kink-instability model (Zhang et al. ) predicts quasi-
periodicity with anti-correlated polarization. 

30



Small Scales & Fast Variability

Credit: Zhang et al. (2022) 31



Observable Phenomena: Time Lags

f(t) = A sin(ωt + φ) + f0 32



X-Ray Time Lags for Mrk 421

Lewis, Becker, & 
Finke (2016)

Data: BeppoSAX 
Zhang (2002)

Photon flux 
transform
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Mrk 421 Modeled Light Curve  
to Demonstrate Time Lags

Credit: Lewis, Becker & Finke (2016)
34



Fokker-Planck 
Electron Transport Equation

Injection from 
thermal tail

Lewis, Becker & Finke (2016)

Time-
dependent

Time-
independent

InjectionEscape

35



Fourier Transform  
with Respect to Time

Equivalent to Laplace Transformation if  
since there is no signal in the negative time domain

iω → s

Lewis, Becker & Finke (2016)
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Time-Dependent Solution & Time Lag

Credit: Lewis, Becker & Finke (2016)

G is the Fourier transform of the radiation flux produced by a 
particular energy of FG

Electron 
Transform

Photon 
Transform
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X-Ray Time Lags for Mrk 421

Lewis, Becker, & 
Finke (2016)

Data: BeppoSAX 
Zhang (2002)

Photon flux 
transform
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Fokker-Planck 
Electron Transport Equation

Injection from 
thermal tail

Lewis, Becker & Finke (2016)

Time-
dependent

Time-
independent

InjectionEscape
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Mrk 421 Steady-State Electron Distribution                                             
.

Credit: Lewis, Becker & 
Finke (2016)

γinj
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Steady-State X-ray Spectrum for Mrk 421  
(δ-approximation)

Lewis, Becker, 
& Finke (2016)

Data: BeppoSAX 
Fossati et al. (2000)

Observed 
photon flux
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Interpretation of Simultaneous & Self-
Consistent Analysis of Mrk 421

• I analyzed each type of data product for the same flare of the same 
source, detected with the same instrument. 

• The primary difference between the fit parameters was shock 
acceleration, which dominated acceleration for the time lags. 

• The variable flux from Mrk 421(examining the light curve) defines the 
time lags, but makes up only 10% of the total flux.  

• Variability in this flare was caused by the presence of a shock, where only 
~10% of electrons passed through many, many times, gaining energy 
with each pass. 

• The steady flux, produced by the other ~90% of electrons overwhelms.

Spectral Data: Fossati et al. (2000) 
Time Lag Data: Zhang (2002) 

Models: Lewis et al. (2016)

the smaller contribution 
from the shock signature 
in the spectrum.
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Physical Picture in Markarian 421 

Blob

Jet

Shock
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Questions?



The Future of Gamma-Ray 
Experiments in the MeV-EeV Range

The Gamma-Ray white paper is asking for Endorsers!
● With full name and orcid (sorry no affiliations)
● Will be listed at the beginning of the document, under the editors
● May also be section authors (which are listed with their section(s))
● Show support for the science expressed in the document and the 

community that pursues it 

The Snowmass Community Planning Process informs DOE, NSF-Physics, and NASA of community driven 
science and facilities that form major opportunities for fundamental physics over the next decade.

Endorsements and Feedback are collected here (the arxiv link to the paper is in the form): 

Thanks for your support of Future Gamma-Ray Science!

https://docs.google.com/forms/d/e/1FAIpQLSc9fw0R8pp2RMEQ6wr8Yt7QH_ShfHskA0qNNsF5-MMer-eSlw/viewform?usp=sf_link



Advancing the Landscape of 
Multimessenger Science in the Next Decade
The Multimessenger white paper is asking for Endorsers!

● With full name and orcid (sorry no affiliations)
● Will be listed at the beginning of the document, under the editors and 

contributors
● Show support for the science expressed in the document and the 

communities that pursue it 

The Snowmass Community Planning Process informs DOE, NSF-Physics, and NASA of community driven 
science and facilities that form major opportunities for fundamental physics over the next decade.

Endorsements and Feedback are collected here (the arxiv link to the paper is in the form): 

Thanks for your support for the advancement of Multimessenger Science!

https://docs.google.com/forms/d/e/1FAIpQLScvdffF7bPRTfAEkmMQEirDcfYUEo4vYxbNOR-4FLxdAy75AA/viewform?usp=sf_link


